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(57) ABSTRACT

Provided is a surface-coated barium titanate particulate for
us in multilayer ceramic capacitors and for which the grain
growth during high-temperature firing has been suppressed.
Also provided is a production method for same. Barium
titanate particulate obtained by means of a hydrothermal
reaction, wherein the coated barium titanate particulate has
an average particle diameter of at least 10 nm but less than
1000 nm, a Ba/Ti ratio of 0.80-1.20 inclusive, a c¢/a ratio of
1.001-1.010 inclusive, and a coating layer comprising at
least one kind of metal compound selected from the group
consisting of Mg, Ca, Ba, Mn and rare earth elements is
included on the surface thereof. The coated barium titanate
particulate according to the present invention is produced by
means of a method including: (1) a step for obtaining barium
titanate particulate by mixing an aqueous solution contain-
ing barium hydroxide and an aqueous solution containing
titanium hydroxide at a Ba/Ti ratio of 0.80-1.20 inclusive,
and subjecting same to a hydrothermal reaction at a tem-
perature of 200-450° C. inclusive, a pressure of 2.0-50 MPa
inclusive, and for a reaction time of 0.1 minutes-1 hour
inclusive; (2) a step for uniformly dispersing the barium
titanate particulate in an aqueous solution; and (3) a step for
coating the metal compound on the surface of the barium
titanate particulate.

3 Claims, 4 Drawing Sheets
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1
COATED BARIUM TITANATE
PARTICULATE AND PRODUCTION
METHOD FOR SAME

TECHNICAL FIELD

The present invention relates to barium titanate particles
comprising a coating layer of metal compounds (referred to
hereinafter as coated barium titanate particles) and a pro-
duction method thereof. The coated barium titanate particles
of the present invention are preferable for use as a dielectric
material of a multi-layer ceramic capacitor (MLCC) or as an
additive for the Ni inner electrode.

BACKGROUND ART

As a result of the recent downsizing and sophistication of
electronic devices, there is a demand to downsize multi-
layer ceramic capacitors (MLCC) and to enhance its capac-
ity. The downsizing and capacity-enhancement of MLCC
requires the dielectric layer to be thinned, and the current
thinning technology is able to provide a thickness of 1 pm
or lower.

There is a want for barium titanate particles used in the
dielectric material to be particles with a uniform particle
shape, narrow particle size distribution, high crystallinity,
and good dispersibility. However, barium titanate decreases
in crystallinity as the particle size becomes minute (lower
than 200 nm), the problem known as the size effect.

A known indicator of the crystallinity of barium titanate
is the c/a ratio (rate of the c-axis and the a-axis of a unit
crystal), and a particle size of below 200 nm provides a c/a
ratio of below 1.009, also leading to a decrease in the
dielectric constant. To support downsizing and capacity
enhancement of MLCC, the barium titanate must concur-
rently achieve minute size, high crystallinity, and high
dispersibility.

Barium titanate particles have been conventionally syn-
thesized by various methods, such as solid phase reaction,
oxalic acid salt method, sol-gel method, and hydrothermal
reaction.

The solid phase reaction uses titanium oxide as the
titanium source, and barium carbonate as the barium source.
The raw material is in the form of fine particles, which are
mixed uniformly and thermally treated at a temperature of
about 1000° C. to synthesize barium titanate particles. After
synthesis, the particles must be minutely processed using a
grinder, and the particles are submicronic, tending to be
un-uniform and poor in dispersibility.

The oxalic acid salt method (e.g. Patent Document 1) is a
method of adding an oxalic acid solution to an aqueous
solution of titanium salt and barium salt to precipitate out
barium titanyl oxalate, and thermally treating the obtained
barium titanyl oxalate at 700° C. or higher to synthesize
barium titanate. It is a type of solid phase reaction, but it
allows precursors to be mixed at the atom level, and pro-
duces particles that are finer and have a more uniform
composition than the solid phase reaction. However, similar
to the solid phase reaction, it tends to provide a particle
shape that is submicronic and un-uniform.

The sol-gel method is a method of subjecting an alcohol
solution obtained by mixing an alkoxide of titanium and an
alkoxide of barium to a reflux operation to obtain a complex
alkoxide, and subjecting the result to a hydrolysis reaction to
obtain a precursor of barium titanate.

The precursor particle has a particle size of a dozen nano
or higher and 100 nm or lower, but it has a low crystallinity,
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so it needs to be thermally treated at a high temperature. The
particle growth, aggregation, sintering resulting from the
thermal treatment are regulated to obtain the target particle
size. This method allows particles that are fine and have high
crystallinity to be obtained; however, the uniformity of the
particle shape and dispersibility are low.

The hydrothermal reaction is a reaction using liquid phase
reaction, and it is normally carried out by reacting titanium
hydroxide, which has been obtained by hydrolysis of a
titanium compound, and barium hydroxide under a high
temperature/high pressure condition of 100° C. or higher to
synthesize barium titanate. The particle size obtained by the
hydrothermal reaction is affected by the titanium material, so
the particle size of the synthesized barium titanate decreases
as the particle size of titanium oxide obtained by hydrolysis
decreases. The hydrothermal reaction can readily provide
particles with a fine particle size that are difficult to synthe-
size by the solid phase reaction or the oxalic acid salt
method, and it is more capable of providing particulates
having high crystallinity and high dispersibility without
performing thermal reaction, compared to the sol-gel
method.

Patent Documents 2 and 3 teach barium titanate particles
that concurrently achieve a minute size, high crystallinity,
and high dispersibility, or production methods thereof. In a
conventional hydrothermal reaction, the reaction generally
occurred at a low temperature (lower than 200° C.), low
pressure (lower than 2 MPa), and a long duration (few
hours), and the particle size could be controlled to 10 to 200
nm by controlling the reaction time, but such reaction
provided low crystallinity (c/a ratio, crystallite size) com-
pared to the solid phase reaction. In contrast, Patent Docu-
ment 2 or 3 describes synthesizing particulates that have
minute sizes, and are concurrently single crystals, have high
c/a ratios and dielectric constants, and require no thermal
treatment, by setting the hydrothermal reaction conditions to
a high temperature (200° C. or higher), a high pressure (2
MPa or higher), and a short duration (shorter than 1 hour).
Since no thermal treatment is required, the particles are able
to achieve a uniform particle shape and good dispersibility.

In the preparation process of Ni-MLCC that uses Ni in the
inner electrode, Ni-MLCC is prepared by adding a binder to
the barium titanate and additives, etc. and mixing/dispersing
the result, followed by the steps of sheet shaping, electrode
formation, lamination, contact bonding, cutting, debinding,
firing, terminal shaping, baking, plating, etc. Since Ni is
used for the inner electrode, the sintering step is performed
by sintering at a high temperature of 1000° C. or higher in
a hydrogen atmosphere.

Conventionally, attempts were made to regulate reduction
of barium titanate (i.e. generation of oxygen defect) at firing
by setting the molar rate of the A site and the B site of the
perovskite to higher than 1, substituting some Ba atoms with
Ca, or adding Mn compounds to prevent reduction of barium
titanate in the firing step. In addition, means to achieve a
long life of Ni-MLCC are under consideration including
adding Mg compounds or rare earth compounds to barium
titanate, performing thermal treatment after firing to re-
oxidate the dielectric, lowering the oxygen partial pressure
at firing, or setting a molar rate of the A site and the B site
of the perovskite at the grain boundary to higher than 1.

There are also attempts to improve the performance of
Ni-MLCC by modifying the dielectric layer through mixing
various compounds, such as Ba, Ca, Mn, Mg, and rare earth
elements, with barium titanate particles.

When barium titanate particles taught in Patent Document
2 or 3, specifically particles produced by hydrothermal
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reaction under a high temperature/high pressure condition,
and concurrently achieving minute size, high crystallinity,
and high dispersibility, are used as the dielectric material of
Ni-MLCC, the raw material will be mixed/dispersed well,
and a good sheet smoothness will be obtained in the sheet
shaping step. However, firing at a high temperature leads to
a short MLLCC life due to the grain growth of barium titanate,
compared to when barium titanate synthesized by solid
phase reaction, etc. is used. This is because barium titanate
particles prepared by solid phase reaction, etc., which have
high crystallinity due to thermal treatment at a high tem-
perature, do not exhibit grain growth even if they are
subjected to firing at a high temperature again, but barium
titanate synthesized by hydrothermal reaction shows high
particle surface activity, which promotes sintering between
particles, easily leading to grain growth.

Consequently, if barium titanate particles obtained by a
hydrothermal reaction at a high temperature/high pressure
condition, concurrently achieving minute size, high crystal-
linity, and high dispersibility are to be used as the dielectric
material of MLCC, it is necessary to regulate grain growth
of barium titanate particles in the firing step of the Ni-MLCC
preparation process.

CITATION LIST
Patent Documents

Patent Document 1: Japanese Patent Publication No.
2004-123431 A

Patent Document 2: Japanese Patent Publication No.
2010-30861 A

Patent Document 3: Japanese Patent Publication No.
2010-168253 A

SUMMARY OF INVENTION
Technical Problem

The present invention was performed in view of the above
situation, and its object is to provide a barium titanate
particle that is suitable for use as a dielectric material of
MLCC, that is obtained by hydrothermal reaction under a
high temperature/high pressure condition, and that has a
surface coated with a metal compound(s), and a production
method thereof.

Solution to Problem

The present inventors performed extensive studies to
solve the above problems and found that the grain growth of
barium titanate particles in the firing step can be regulated
when the particle surface of barium titanate particles
obtained by a hydrothermal reaction under a high tempera-
ture/high pressure condition is uniformly coated with com-
pounds, such as Mg, Mn, Ca, Ba, rare earth elements, and
thus completed the present invention.

In other words, the present invention provides the fol-
lowing embodiments.

[1] A coated barium titanate particle characterized in that a
coating layer comprising a compound of at least one type of
metal selected from a group consisting of Mg, Ca, Ba, Mn
and rare earth elements is placed on a surface of a barium
titanate particle obtained by a hydrothermal reaction at a
temperature of 200° C. or higher and 450° C. or lower, a
pressure of 2 MPa or higher and 50 MPa or lower, and a
reaction time of 0.1 minute or longer and 1 hour or shorter,
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wherein the particle has a mean particle size of 10 nm or
higher and lower than 1000 nm, a Ba/Ti ratio of 0.80 or
higher and 1.20 or lower, and a c¢/a ratio, which is a rate of
a c-axis and an a-axis of 1.001 or higher and 1.010 or lower.
[2] The coated barium titanate particle according to [1],
wherein the coating layer consists of a compound of at least
one type of metal selected from a group consisting of Mg,
Ca, Ba, Mn and rare earth elements.

[3] The coated barium titanate particle according to [2],
wherein the coating layer consists of an oxide, a hydroxide,
and/or a carbonate of at least one type of metal selected from
a group consisting of Mg, Ca, Ba, Mn and rare earth
elements.

[4] The coated barium titanate particle according to either
[2] or [3], wherein the rare earth elements are at least one
element selected from a group consisting of Sc, Y, La, Ce,
Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu.
[5] The coated barium titanate particle according to [1],
wherein the coating layer is 0.01 mass % or higher and 20.0
mass % or lower on a basis of a total mass of a coated barium
titanate particle and a coating layer.

[6] A method for producing the coated barium titanate
particle according to [1] comprising the steps of:

(1) mixing an aqueous solution containing barium hydroxide
and an aqueous solution containing titanium hydroxide at a
barium/titanium ratio of 0.80 or higher and 1.20 or lower,
and subjecting a resulting mixture to a hydrothermal reac-
tion at a temperature of 200° C. or higher and 450° C. or
lower, a pressure of 2.0 MPa or higher and 50 MPa or lower,
and a reaction time of 0.1 minute or longer and 1 hour or
shorter to obtain barium titanate particles;

(2) homogenously dispersing the barium titanate particles in
an aqueous solution; and

(3) depositing metal compounds on surfaces of the barium
titanate particles.

[7] A method for producing coated barium titanate particles
by thermally treating the coated barium titanate particles
produced by the method of [6] at 500 to 1000° C.

Advantageous Effects of Invention

The coated barium titanate particles of the present inven-
tion is advantageous in that their grain growth in a firing step
is restricted relative to conventional barium titanate particles
obtained by hydrothermal reaction under a high temperature/
high pressure condition, so they are preferable for usages,
such as the dielectric material of multi-layer ceramic capaci-
tors, and additives for Ni internal electrodes. In addition, the
production method of the above particles of the present
invention enables a relatively reduced production cost, so it
is useful for industrialized mass production.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a transmission electron microscope image (mag-
nification of 200,000x) showing the particle form of barium
titanate particles of 50 nm prepared by the method of the
present invention.

FIG. 2 is a transmission electron microscope image (mag-
nification of 100,000x) showing the particle form of barium
titanate particles of 100 nm prepared by the method of the
present invention.

FIG. 3 is transmission electron microscope images (mag-
nification of 60,000x) showing the particle form of Mg-
coated barium titanate of 50 nm of Example 3, before and
after firing.
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FIG. 4 is transmission electron microscope images (mag-
nification of 60,000x) showing the particle form of Gd-
coated barium titanate of 50 nm of Example 8, before and
after firing.

FIG. 5 is transmission electron microscope images (mag-
nification of 60,000x) showing the particle form of Nd-
coated barium titanate of 50 nm of Example 31, before and
after firing.

FIG. 6 is transmission electron microscope images (mag-
nification of 60,000x) showing the particle form of La-
coated barium titanate of 50 nm of Example 40, before and
after firing.

FIG. 7 is transmission electron microscope images (mag-
nification of 60,000x) showing the particle form of barium
titanate without coating of 50 nm of Comparative Example
1, before and after firing.

FIG. 8 is transmission electron microscope images (mag-
nification of 60,000x) showing the particle form of a mar-
keted product, Nd-coated barium titanate of Comparative
Example 6, before and after firing.

FIG. 9 is transmission electron microscope images (mag-
nification of 60,000x) showing the particle form of Nd-
coated barium titanate of 50 nm of Comparative Example 9,
before and after firing.

DESCRIPTION OF EMBODIMENTS

The coated barium titanate particles of the present inven-
tion and the production method thereof are explained below
by preferable embodiments, but the present invention is not
limited by the explanation.

The present inventors found that the grain growth of
barium titanate particles can be regulated in the firing step in
the Ni-MLCC forming process by uniformly depositing
metal compounds, such as Mg, Mn, Ca, Ba, rare earth
elements, that are added to enhance the Ni-MLCC property,
onto the particle surface of barium titanate particles obtained
by hydrothermal reaction under a high temperature/high
pressure condition.

The reason has not been clearly understood, but it can be
thought as follows. Barium titanate particles that are syn-
thesized by hydrothermal reaction under a high temperature/
high pressure condition exhibit better dispersibility than
those of conventional solid phase reaction or hydrothermal
reaction at a low temperature/low pressure condition, so it is
easier for metal compounds to be deposited uniformly on
their surface, and when fired at a high temperature, reaction
on the particle surface of barium titanate particles with metal
compounds proceeds uniformly. As a result, for Mg, Mn, Ba,
Ca, the metals become a homogenous solid solution in
barium titanate and regulate grain growth, and for rare earth
elements, substances effective for regulating grain growth,
namely, Ba,TiO,, rare earth oxides, or complex oxides of
rare earth elements and titanium oxide are uniformly formed
on the particle surface.

In addition, in the conventional Ni-MLCC production
process, metal compounds and binders were added to
barium titanate and uniformly mixed using a wet-type
dispersing machine, such as a beads mill. However, it was
difficult to uniformly disperse the metal compounds on the
particle surface of the barium titanate particles, and an
uneven dispersion led to reduction of the MLCC property.
On the other hand, the present invention allows metal
compounds to be uniformly deposited on the particle surface
of the barium titanate particles, and thus, enables not just
grain growth regulation, but also formation of a uniform
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core shell structure, so the present invention is effective in
enhancing the MLCC properties.

The atom rate of barium and titanium (Ba/Ti ratio) in the
coated barium titanate particles of the present invention is
0.80 to 1.20, preferably 0.90 to 1.10, and more preferably
0.95 to 1.05. When the Ba/Ti ratio is smaller than 0.80,
impurities exist in the particles, the c/a ratio decreases, the
particle form becomes un-uniform, and the dielectric prop-
erty decreases. Further, when the Ba/Ti ratio is larger than
1.20, impurities such as Ba compounds exist in the particles,
and the dielectric property decreases.

The coated barium titanate particles of the present inven-
tion have a mean particle size of 10 to 1000 nm, preferably
10 to 500 nm, and more preferably 10 to 200 nm. The mean
particle size of the barium titanate particles is obtained based
on observation by a transmission electron microscope
(TEM) measuring the particle size of any 200 or more
particles in the TEM image of a magnification of 30,000x to
200,000x and obtaining a mean amount. The minimum size
for obtaining a uniform particle form and a high dispers-
ibility is 10 nm. When the reaction temperature is set high,
and much alkali is added to accelerate crystal growth, the
mean particle size exceeds 1000 nm and the particles
become un-uniform.

The coated barium titanate particles of the present inven-
tion has a relative standard deviation of the particle size
distribution of 25.0% or lower, and preferably 20.0% or
lower. A narrow particle size distribution provides a good
sheet smoothness in the sheet forming step in the MLCC
production process.

The coated barium titanate particles of the present inven-
tion should preferably have a ¢/a ratio of tetragonal BaTiO,
01 1.001 or higher, more preferably 1.003 to 1.010, and even
more preferably 1.005 to 1.010. A c/a ratio of the tetragonal
BaTiO, that is lower than 1.001 is not preferable, since it
leads to a decrease in the dielectric constant. The tetragonal
BaTiO; was subjected to an X-ray diffraction analysis, and
the c/a ratio of the tetragonal BaTiO; was obtained by the
Rietveld Analysis.

The metal compound of the coated barium titanate par-
ticles of the present invention includes oxides, hydroxides,
and/or carbonates (including hydrates of carbonates) of Mg,
Ca, Ba, Mn, or rare earth elements. The rare earth elements
include Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, and Lu. The amount of metal compounds
covering the particle based on the total mass of coated
barium titanate particles should preferably be 0.01 to 20.0
mass %, and more preferably 0.1 to 15.0 mass %. When the
amount covering the metal compound is less than 0.01 mass
%, the grain growth regulating effect is small. When the
amount covering the metal compound is greater than 20.0
mass %, the grain growth regulating effect exists, but the
dielectric property decreases.

Next, a preferable production method of the coated
barium titanate particles of the present invention is
explained.

The coated barium titanate particles of the present inven-
tion may be produced by i) step of synthesizing barium
titanate particles, and ii) step of coating the barium titanate
particles with metal compounds, shown below.

<i) Step of Synthesizing Barium Titanate Particles>

To begin with, an aqueous solution containing barium and
titanium hydroxide is prepared. The preparation methods
include methods (A) and (B), shown below.

(A) Firstly, a titanium salt solution is prepared, to which an
alkali solution is added, then a neutralization reaction is
performed to generate titanium hydroxide to obtain an
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aqueous solution containing titanium hydroxide. Then, a
barium salt solution is added to the aqueous solution con-
taining titanium hydroxide to obtain an aqueous solution
containing barium and titanium hydroxide.

(B) Firstly, a titanium salt solution is prepared, and the
titanium salt solution is added to the alkali solution, then a
neutralization reaction is performed to generate titanium
hydroxide to obtain an aqueous solution containing titanium
hydroxide. Then, a barium salt solution is added to the
aqueous solution containing titanium hydroxide to obtain an
aqueous solution containing barium and titanium hydroxide.

In the methods of (A) and (B), the barium salt solution
may be added in advance to the titanium salt solution or the
alkali solution before the neutralization reaction. The disso-
Iution or addition of the barium salt should preferably be
performed in an inactive atmosphere, preferably a nitrogen
atmosphere, to prevent carbonic acid, etc. in the air from
reacting.

In the methods of (A) and (B), barium and titanium
hydroxide generated by the neutralization reaction can be
heated at a temperature range of 200° C. or lower to generate
barium titanate in advance.

Or else, in the methods of (A) and (B), an organic
compound can be added to an aqueous solution containing
barium and titanium hydroxide after the neutralization reac-
tion, or an organic compound can be added to a barium salt
solution, titanium salt solution or an alkali solution before
the neutralization reaction. The organic compound to be
used is not limited as long as the desired physical property
is satisfied, and it can be a polymer, such as a surfactant, etc.
The amount of organic compound to be added should
preferably be 0.01 mass % or higher, more preferably 0.01
to 15.0 mass %, and even more preferably 0.1 to 10.0 mass
%, with regard to the theoretical generation amount of
barium titanate.

The titanium salt solution to be used in the methods of (A)
and (B) includes, for example, an aqueous solution of
various titanium salts, such as sulfate, nitrate, chloride, or
alkoxide. Also, a single titanium salt solution may be used,
or a mixture of a plurality of titanium salt solutions may be
used. The concentration of a titanium salt solution is pref-
erably 0.05 to 5.5 mol/L,, more preferably 0.13 to 3.0 mol/L.
In addition, an aqueous solution containing titanium oxide
can be used instead of a titanium salt solution.

The barium salt solution to be used in the methods of (A)
and (B) includes, for example, an aqueous solution of
various barium salts, such as sulfate, nitrate, chloride, car-
bonate, or alkoxide. Also, a single barium salt solution may
be used, or a mixture of a plurality of barium salt solutions
may be used. The concentration of a barium salt solution is
preferably 0.05 to 2.0 mol/L,, more preferably 0.1 to 1.5
mol/L.

The above mentioned titanium salt solution and barium
salt solution should be added so that the Ba/Ti ratio of the
solution containing barium and titanium hydroxides is 0.8 to
1.20, preferably 0.90 to 1.10, more preferably 0.95 to 1.05.

The alkali solution to be used in the methods of (A)
and (B) includes, for example, an aqueous solution of
NaOH, KOH, NH;, Na,CO,, K,CO,, NaHCO;, KHCO;, or
(NH,),CO;. The concentration of the alkali solution should
preferably be 0.1 to 20.0 mol/L, more preferably 1.0 to 10.0
mol/L, and the amount of alkali should be such that the
degree of neutralization of the barium titanate particles is 0.8
or higher. When the degree of neutralization is lower than
0.8, barium titanate becomes a plate like particle of 100 nm
or lower, and the Ba/Ti ratio becomes an amount lower than
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0.80, and an impurity phase of a titanium-rich barium
titanium compound other than a BaTiO, phase is formed in
the crystal structure.

Further, in the aqueous solution containing barium and
titanium hydroxide, compounds, such as Mg, Ca, Sr, Pb,
etc., may be added to replace the Ba site of the perovskite
crystal structure with at least one element selected from Mg,
Ca, Sr, Pb, etc., and compounds, such as Zr, Hf, Sn, may be
added to replace the Ti site, in order to control the dielectric
constant, Curie temperature, the temperature constant of a
dielectric constant, as a dielectric material. These com-
pounds may be added at any stage of preparing the aqueous
solution containing barium and titanium hydroxides, and it
can be added after the aqueous solution containing barium
and titanium hydroxides is prepared.

Next, the aqueous solution containing barium and tita-
nium hydroxides is subjected to hydrothermal reaction under
a high temperature/high pressure condition. The hydrother-
mal reaction is performed at a temperature of 200° C. or
higher, preferably 200 to 450° C., more preferably 250 to
400° C., and a total pressure of 2 MPa or higher, preferably
2 to 50 MPa, more preferably 10 to 40 MPa, and for the
duration of normally 0.1 minute or longer, preferably 0.1
minute to 1 hour, more preferably 0.1 to 30 minutes.
Hydrothermal reaction is thus performed at such high tem-
perature/high pressure condition to control the particle form,
such as the particle size, and the particle uniformity, and
after filtration and washing by water, a drying process and a
disintegration process are performed to obtain barium titan-
ate particles. In particular, the control of the reaction time
allows control of the particle size.

The above hydrothermal reaction condition can be deter-
mined appropriately within the above range by the type of
material, Ba/Ti ratio, alkali amount, reaction scale, reaction
temperature, reaction pressure and reaction time, etc. for the
aqueous solution containing barium and titanium hydroxide.
The minimum temperature for forming barium titanate par-
ticles by the above hydrothermal reaction is 60° C., but a
temperature of 200° C. or higher is preferable to obtain
particles with high crystallinity and dispersibility. The maxi-
mum temperature for the hydrothermal reaction is not par-
ticularly limited, and it may exceed the critical point, but the
specification of the reactor sets the limit.

<ii) Step of Coating the Barium Titanate Particles with
Metal Compounds>

The barium titanate particles obtained by i) are coated
with metal compounds. Firstly, the barium titanate particles
are dispersed uniformly in water. To uniformly disperse
barium titanate particles, it is preferable to adjust pH and
perform dispersion by dispersing machines, such as the
ultrasonic homogenizer, planetary ball mill, Henschel mixer,
colloid mill, wet-type jet mill, wet-type beads mill. Alkali is
added to the resulting barium titanate particle slurry to mix
the slurry to a homogenous state, then, an aqueous solution
of metal compounds is added to induce neutralization reac-
tion, and to deposit the metal compounds uniformly on the
particle surface of the barium titanate particles. Further,
when performing neutralization reaction, alkali can be added
after an aqueous solution of a metal compound is added to
the barium titanate particle slurry, or an aqueous solution of
a metal compound and alkali may be added at the same time.
Furthermore, the aqueous solution of a metal compound and
alkali may be subjected to neutralization reaction before
adding it to a uniformly dispersed barium titanate particle
slurry to uniformly deposit the metal compound on the
particles, or conversely, a uniformly dispersed barium titan-
ate particle slurry may be added to an aqueous solution of a
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metal compound and alkali. In addition, when barium titan-
ate particles are added as powder, the mixed slurry is
uniformly dispersed thereafter. Also, alkali may be added as
an aqueous solution, or as powder, solid and crystal.

The aqueous solution of a metal compound can be sulfate,
nitrate, chloride, alkoxide, etc. of Mg, Ca, Ba, Mn, rare earth
elements. The concentration of the aqueous solution should
preferably be 0.001 to 10 mol/L, more preferably 0.01 to 5.0
mol/L.

The alkali to be used includes, for example, the solution,
powder, solid and crystal of NaOH, KOH, NH;, Na,CO;,
K,CO,, NaHCO;, KHCO;, (NH,),CO,. The alkali concen-
tration should preferably be 0.01 to 20.0 mol/L, more
preferably 1.0 to 10.0 mol/L,, and the amount of alkali to be
added should be adjusted to make the degree of neutraliza-
tion of the metal compound solution 0.8 or higher.

When depositing the metal compound, neutralization
reaction may be performed at a temperature range of 100° C.
or lower. A hydrothermal treatment at 100° C. or higher may
be subsequently performed.

Then, the barium titanate particle slurry treated with the
aqueous solution of a metal compound and alkali is filtered,
washed with water, then dried, disintegrated to obtain coated
barium titanate particles. The coating layer consists of
hydroxides or carbonates of Mg, Ca, Ba, Mn, or rare earth
elements, and it is amorphous. Also, the layer may be
subjected to thermal treatment to form crystalline oxide. The
highest temperature to be reached in the thermal treatment
should preferably be 300 to 1500° C., more preferably 500
to 1000° C.

EXAMPLES

The coated barium titanate particles of the present inven-
tion and a production method thereof is explained by
Examples, but the present invention is not limited by the
Examples.

[Preparation of Barium Titanate Particles (50 nm)]

An aqueous solution containing titanium hydroxide was
used as the titanium salt solution, a barium nitrate solution
was used as the barium salt solution, and a sodium hydrox-
ide solution was used as the alkali solution to prepare the
raw materials to obtain a Ti amount of 0.43 mol, a Ba
amount of 0.43 mol, an alkali amount of 2.58 mol [degree
of neutralization=alkali amount/(4xTi amount+2xBa
amount)=1.0]. Then, in the raw material tank, a sodium
hydroxide solution was added to an aqueous solution con-
taining titanium hydroxide under room temperature and the
atmosphere, followed by addition of a barium nitrate solu-
tion, to prepare a reaction precursor, that is, an aqueous
solution containing amorphous barium and titanium hydrox-
ide. The pH value of the prepared reaction precursor was
13.2. The prepared reaction precursor was subjected to a
hydrothermal reaction using a continuous hydrothermal
reaction device at a temperature of 400° C., a pressure of 25
MPa, a residence time of 0.4 min, then it was filtered,
washed with water, and dried to obtain 50 nm of barium
titanate particles.

The obtained barium titanate particles were evaluated in
terms of X-ray diffraction, mean particle size and particle
size distribution. In addition, a transmission electron micro-
scope (TEM) image (magnification of 200,000x) is shown in
FIG. 1. ARietveld Analysis by X-ray diffraction showed that
the barium titanate particles are tetragonal barium titanate
having a c/a ratio of 1.004, a crystallite size of 50 nm, a mean
particle size of 50 nm, a Ba/Ti ratio of 1.000, a specific
surface area of 31.1 m*/g, and the particle size distribution
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measurement indicated that the median size was 50 nm, and
the coefficient of variation was 20.0%. Observation by TEM
showed a good uniformity in the particle form. Also, since
crystallinity was high, and the mean particle size and median
size matched, and the coefficient of variation was low, it can
be understood that a good dispersibility was obtained.

[Preparation of Barium Titanate Particles (100 nm)]

In the production method for 50 nm barium titanate
particles, shown above, the alkali amount in the material
preparation was changed to 5.16 mol (degree of neutraliza-
tion=2.0), and the other conditions were kept the same to
prepare 100 nm of barium titanate particles. The obtained
barium titanate particles (100 nm) were similarly evaluated
in terms of X-ray diffraction, mean particle size, and particle
size distribution. The transmission electron microscope
(TEM) image (magnification of 100,000x) is shown in FIG.
2.

The obtained barium titanate particles (100 nm) were
tetragonal barium titanate having a c/a ratio of 1.007, a
crystallite size of 100 nm, a mean particle size of 100 nm,
a Ba/Ti ratio of 1.000, a specific surface area of 8.1 m*/g,
and the particle size distribution measurement indicated that
the median size was 100 nm, and the coeflicient of variation
was 20.0%. Observation by TEM showed a good uniformity
in the particle form. Also, since crystallinity was high, and
the mean particle size and median size matched, and the
coeflicient of variation was low, it can be understood that a
good dispersibility was obtained.

Examples 1 to 67 and Comparative Examples 1 to
5

Coating Barium Titanate Particles

First, the above 0.150 mol of barium titanate particles was
added to 550 ml of pure water and a monodispersion
solution was obtained using an ultrasonic homogenizer.
Note that barium titanate particles of 100 nm were used in
Example 63 and Comparative Example 4, a commercial
product (oxalic acid salt method, particle size 500 nm) was
used in Comparative Example 5, and barium titanate par-
ticles of 50 nm were used in all other examples.

After alkali was added to the monodispersion solution of
barium titanate and the solution was mixed uniformly, 200
ml of a metal salt solution was added, and a neutralization
reaction was performed to deposit the metal compounds on
the particle surface of barium titanate particles. After depo-
sition, the particle was filtered/washed with water, dried at
150° C., and disintegrated to obtain the target coated barium
titanate particles. Concerning Examples 64 to 67, the coated
barium titanate particles were thermally treated under the
atmosphere (700° C., 3 hours) to convert the deposited metal
compounds to their oxides. The resulting thermally treated,
coated barium titanate particles were evaluated by X-ray
diffraction, fluorescent X-ray analysis, and thermogravimet-
ric analysis.

The coated barium titanate particles obtained in Examples
1 to 67, and Comparative Examples 1 to 5 without coating
were subjected to firing at 1000° C. for 3 hours under a
nitrogen atmosphere, 5 vol. % hydrogen atmosphere (the
remaining part is nitrogen), or the atmosphere, and the grain
growth regulating effect was evaluated by X-ray diffraction,
fluorescent X-ray analysis, transmission electron micro-
scope (TEM), and specific surface area measurement. The
results are shown in Tables 1 to 3. Further, the TEM image
(magnification of 60,000x) of Examples 3, 8, 31, 41 and
Comparative Example 1 are shown in FIGS. 3 to 7. Note that



US 9,478,356 B2

11

the result of X-ray diffraction after firing showed the cre-
ation of BaTiO, and Ba,TiO, (rthombic) in all of Examples
1 to 67 excluding Examples 14 and 15, and Comparative
Examples 1 to 3. Meanwhile, Examples 14 and 15 showed
the peak of BaCO; as well as BaTiO;. In addition, Com-
parative Examples 4 and 5 showed only the peak of BaTiO;.

Comparative Examples 6 to 8

The marketed product (oxalic acid salt method, particle

12

Comparative Examples 9, 10

The barium titanate particles (50 nm) prepared by the

5 method of the present invention and Nd,O, powder or

Ho,O, powder were subjected to wet-type mixing in water
using the planetary ball mill (100 rpm, 3 h) to deposit Nd or
Ho. After deposition, the particles were dried at 150° C. and
disintegrated to obtain the target coated barium titanate

size 500 nm) of barium titanate particles was used to deposit 0 particles. The obtained, coated barium titanate particles were
Nd, Gd, La on the surface by a similar method as Examples evaluated in terms of grain growth regulation by methods
1 to 63, and the grain growth regulation effect was similarly similar to Examples 1 to 67 and Comparative Examples 1 to
evaluated. The coating condition and the result are shown in 8. The coating condition and result are shown in Tables 1 to
Tables 1 to 3. Further, the TEM image (magnification of 3. Further, the TEM image (magnification of 60,000x) of
60,000x) of Comparative Example 6 is shown in FIG. 8. Comparative Example 9 is shown in FIG. 9.
TABLE 1
Additive Alkali Solution
Example and Comp. Metal Salt Added Amount (mol %) Amount
Example Layer 1 Layer 2 Layer 3 Layer 1 Layer 2 Layer 3 Types mol
Example 1 Mg(NO3)2 — — 10.0 — —  Na2CO3 0.015
Example 2 Mg(NO3)2 — — 10.0 — —  Na2CO3 0.023
Example 3 Mg(NO3)2 — — 15.0 — —  Na2CO3 0.023
Example 4 Gd(NO3)3 — — 2.0 — —  Na2CO3 0.007
Example 5 Gd(NO3)3 — — 5.0 — —  Na2CO3 0.017
Example 6 Gd(NO3)3 — — 6.0 — —  Na2CO3 0.020
Example 7 Gd(NO3)3 — — 7.5 — —  Na2CO3 0.025
Example 8 Gd(NO3)3 — — 7.5 — —  Na2CO3 0.025
Example 9 Gd(NO3)3 — — 10.0 — —  Na2CO3 0.034
Example 10 Gd(NO3)3 — — 15.0 — —  Na2CO3 0.051
Example 11 Gd(NO3)3 — — 2.0 — —  Na2CO3 0.007
Example 12 Gd(NO3)3 — — 5.0 — —  Na2CO3 0.017
Example 13 Gd(NO3)3 — — 7.5 — —  Na2CO3 0.025
Example 14 Gd(NO3)3 — — 2.0 — —  Na2CO3 0.007
Example 15 Gd(NO3)3 — — 5.0 — —  Na2CO3 0.017
Example 16 Gd(NO3)3 — — 7.5 — —  Na2CO3 0.025
Example 17 Ho(NO3)3 — — 2.5 — —  Na2CO3 0.008
Example 18 Ho(NO3)3 — — 5.0 — —  Na2CO3 0.017
Example 19 Ho(NO3)3 — — 7.5 — —  Na2CO3 0.025
Example 20 Ho(NO3)3 — — 10.0 — —  Na2CO3 0.034
Example 21 Ho(NO3)3 — — 15.0 — —  Na2CO3 0.051
Example 22 Ho(NO3)3 — — 7.5 — —  Na2CO3 0.025
Example 23 Ho(NO3)3 — — 7.5 — —  Na2CO3 0.025
Example 24 Y(NO3)3  — — 7.5 — —  Na2CO3 0.025
Example 25 Y(NO3)3  — — 15.0 — —  Na2CO3 0.051
Example 26 Nd(NO3)3 — — 5.0 — —  Na2CO3 0.017
Example 27 Nd(NO3)3 — — 7.5 — —  Na2CO3 0.025
Example 28 Nd(NO3)3 — — 10.0 — —  Na2CO3 0.034
Example 29 Nd(NO3)3 — — 15.0 — —  Na2CO3 0.051
Example 30 Nd(NO3)3 — — 7.5 — —  NaOH 0.051
Example 31 Nd(NO3)3 — — 7.5 — —  Na2CO3 0.025
Example 32 Dy(NO3)3 — — 5.0 — —  Na2CO3 0.017
Example 33 Dy(NO3)3 — — 7.5 — —  Na2CO3 0.025
Example 34 Dy(NO3)3 — — 10.0 — —  Na2CO3 0.034
Example 35 Dy(NO3)3 — — 15.0 — —  Na2CO3 0.051
Example 36 La(NO3)3  — — 7.5 — —  Na2CO3 0.025
Example 37 La(NO3)3  — — 10.0 — —  Na2CO3 0.034
Example 38 La(NO3)3  — — 15.0 — —  Na2CO3 0.051
Example 39 La(NO3)3  — — 7.5 — —  NaOH 0.051
Example 40 La(NO3)3  — — 7.5 — —  Na2CO3 0.025
Example 41 Ce(NO3)3  — — 7.5 — —  Na2CO3 0.025
Example 42 Er(NO3)3  — — 7.5 — —  Na2CO3 0.025
Example 43 Eu(NO3)3 — — 7.5 — —  Na2CO3 0.025
Example 44 Sm(NO3)3 — — 7.5 — —  Na2CO3 0.025
Example 45 Sm(NO3)3 — — 7.5 — —  Na2CO3 0.025
Example 46 Yb(NO3)3 — — 7.5 — —  Na2CO3 0.025
Example 47 Ba(NO3)2 — — 7.5 — —  Na2CO3 0.017
Example 48 Ba(NO3)2 — — 10.0 — —  Na2CO3 0.023
Example 49 Ca(NO3)2 — — 1.0 — —  Na2CO3 0.002
Example 50 Ca(NO3)2 — — 7.5 — —  Na2CO3 0.017
Example 51 Mn(NO3)2 — — 1.0 — —  Na2CO3 0.002
Example 52 Mn(NO3)2 — — 2.5 — —  Na2CO3 0.006
Example 53 Mn(NO3)2 — — 7.5 — —  Na2CO3 0.017
Example 54 Mg(NO3)2  Gd(NO3)3 — 5.0 7.5 —  Na2CO3 0.037
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TABLE 1-continued

Additive Alkali Solution
Example and Comp. Metal Salt Added Amount (mol %) Amount
Example Layer 1 Layer 2 Layer 3 Layer 1 Layer 2 Layer 3 Types mol
Example 55 Mg(NO3)2  Gd(NO3)3 — 10.0 7.5 — Na2CO3 0.048
Example 56 Mg(NO3)2  Gd(NO3)3 — 10.0 7.5 — Na2CO3 0.048
Example 57 Mg(NO3)2  Ho(NO3)3 — 10.0 7.5 — Na2CO3 0.048
Example 58 Mg(NO3)2  Ho(NO3)3 — 10.0 7.5 — Na2CO3 0.048
Example 59 Mg(NO3)2 Mn(NO3)3 Nd(NO3)3 5.0 2.5 7.5 Na2CO3 0.042
Example 60 Mg(NO3)2 Mn(NO3)3 Ho(NO3)3 5.0 2.5 7.5 Na2CO3 0.042
Example 61 Mg(NO3)2 Mn(NO3)3 Nd(NO3)3 5.0 2.5 7.5 Na2CO3 0.042
Example 62 Mg(NO3)2 Mn(NO3)3 Ho(NO3)3 5.0 2.5 7.5 Na2CO3 0.042
Example 63 Nd(NO3)3 — — 7.5 — — Na2CO3 0.025
Example 64 Mg(NO3)2 Nd(NO3)3 — 5.0 7.5 — Na2CO3 0.037
Example 65 Mg(NO3)2 Mn(NO3)3 Nd(NO3)3 5.0 2.5 7.5 Na2CO3 0.042
Example 66 Mg(NO3)2 Mn(NO3)3 Ho(NO3)3 5.0 2.5 7.5 Na2CO3 0.042
Example 67 Mg(NO3)2 Mn(NO3)3  Gd(NO3)3 5.0 2.5 7.5 Na2CO3 0.042
Comp. Example 1 Without coating
Comp. Example 2 Without coating
Comp. Example 3 Without coating
Comp. Example 4 Without coating
Comp. Example 5 Without coating
Comp. Example 6  Nd(NO3)3 — — 7.5 — — Na2Co3 0.025
Comp. Example 7 Gd(NO3)3 — — 7.5 — — Na2Co3 0.025
Comp. Example 8  La(NO3)3 — — 7.5 — — Na2Co3 0.025
Comp. Example 9  Nd203 — — 7.5 — — — —
Comp. Example 10 Ho203 — — 7.5 — — — —

TABLE 2
Coated Barium Titanate before Firing

Example XRF Analysis
and Comp. Coated Compound Content (mass %) SSA
Example XRD Analysis Layer 1 Layer 2 Layer 3 Layer 1 Layer 2 Layer 3 m2/g
Example 1  BaTiO3 BaCO3 BaMg(CO3)2 MgCO3 — — 1.10 — — 30.1
Example 2 BaTiO3 BaCO3 BaMg(CO3)2 MgCO3 — — 1.20 — — 30.5
Example 3 BaTiO3 BaCO3 BaMg(CO3)2 MgCO3 — — 1.23 — — 31.0
Example 4  BaTiO3 BaCO3 — Gd2(CO3)3 — — 2.10 — — 30.3
Example 5  BaTiO3 BaCO3 — Gd2(CO3)3 — — 5.48 — — 28.2
Example 6 BaTiO3 BaCO3 — Gd2(CO3)3 — — 6.49 — — 25.7
Example 7 BaTiO3 BaCO3 — Gd2(CO3)3 — — 8.90 — — 25.6
Example 8 BaTiO3 BaCO3 — Gd2(CO3)3 — — 8.22 — — 25.6
Example 9  BaTiO3 BaCO3 — Gd2(CO3)3 — — 10.72 — — 26.1
Example 10 BaTiO3 BaCO3 — Gd2(CO3)3 — — 15.43 — — 23.2
Example 11 BaTiO3 BaCO3 — Gd2(CO3)3 — — 2.10 — — 30.3
Example 12 BaTiO3 BaCO3 — Gd2(CO3)3 — — 5.48 — — 28.2
Example 13 BaTiO3 BaCO3 — Gd2(CO3)3 — — 8.22 — — 25.6
Example 14 BaTiO3 BaCO3 — Gd2(CO3)3 — — 2.10 — — 30.3
Example 15 BaTiO3 BaCO3 — Gd2(CO3)3 — — 5.48 — — 28.2
Example 16 BaTiO3 BaCO3 — Gd2(CO3)3 — — 8.22 — — 25.6
Example 17 BaTiO3 BaCO3 — Ho2(CO3)3 — — 3.26 — — 29.1
Example 18 BaTiO3 BaCO3 — Ho2(CO3)3 — — 5.79 — — 26.7
Example 19 BaTiO3 BaCO3 — Ho2(CO3)3 — — 7.87 — — 24.9
Example 20 BaTiO3 BaCO3 — Ho2(CO3)3 — — 10.16 — — 24.1
Example 21 BaTiO3 BaCO3 — Ho2(CO3)3 — — 15.28 — — 27.0
Example 22 BaTiO3 BaCO3 — Ho2(CO3)3 — — 7.87 — — 24.9
Example 23 BaTiO3 BaCO3 — Ho2(CO3)3 — — 7.87 — — 24.9
Example 24 BaTiO3 BaCO3 — Y2(CO3)3 — — 5.86 — — 25.7
Example 25 BaTiO3 BaCO3 — Y2(CO3)3 — — 12.12 — — 24.1
Example 26 BaTiO3 BaCO3 — Nd2(C0O3)3 — — 5.67 — — 26.9
Example 27 BaTiO3 BaCO3 — Nd2(C0O3)3 — — 8.47 — — 25.8
Example 28 BaTiO3 BaCO3 — Nd2(C0O3)3 — — 11.27 — — 25.3
Example 29 BaTiO3 BaCO3 — Nd2(C0O3)3 — — 15.57 — — 26.4
Example 30 BaTiO3 BaCO3 Nd2TiO3 Nd(OH)3 — — 6.80 — — 30.7
Example 31 BaTiO3 BaCO3 — Nd2(C0O3)3 — — 8.47 — — 25.8
Example 32 BaTiO3 BaCO3 — Dy2(CO3)3 — — 5.17 — — 27.3
Example 33 BaTiO3 BaCO3 — Dy2(CO3)3 — — 8.27 — — 25.6
Example 34 BaTiO3 BaCO3 — Dy2(CO3)3 — — 10.22 — — 24.2
Example 35 BaTiO3 BaCO3 — Dy2(CO3)3 — — 14.07 — — 24.5
Example 36 BaTiO3 BaCO3 — La2(CO3)3 — — 6.83 — — 27.7
Example 37 BaTiO3 BaCO3 — La2(CO3)3 — — 8.73 — — 27.3
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TABLE 2-continued
Coated Barium Titanate before Firing
Example XRF Analysis
and Comp. Coated Compound Content (mass %) SSA
Example XRD Analysis Layer 1 Layer 2 Layer 3 Layer 1 Layer 2 Layer 3 m2/g
Example 38 BaTiO3 BaCO3 — La2(CO3)3 — — 12.96 — — 26.5
Example 39 BaTiO3 BaCO3 — La(OH)3 — — 5.47 — — 31.8
Example 40 BaTiO3 BaCO3 — La2(CO3)3 — — 6.83 — — 27.7
Example 41 BaTiO3 BaCO3 — Ce2(CO3)3 — — 9.42 — — 36.4
Example 42 BaTiO3 BaCO3 — Er2(CO3)3 — — 8.23 — — 26.2
Example 43 BaTiO3 BaCO3 — Eu2(CO3)3 — — 10.07 — — 25.4
Example 44 BaTiO3 BaCO3 — Sm2(C03)3 — — 7.82 — — 24.7
Example 45 BaTiO3 BaCO3 — Sm2(C03)3 — — 7.82 — — 24.7
Example 46 BaTiO3 BaCO3 — Yb2(CO3)3 — — 9.66 — — 25.2
Example 47 BaTiO3 BaCO3 — BaCO3 — — 0.29 — — 31.4
Example 48 BaTiO3 BaCO3 — BaCO3 — — 0.13 — — 31.2
Example 49 BaTiO3 BaCO3 — CaCO3 — — 0.26 — — 30.4
Example 50 BaTiO3 BaCO3 — CaCO3 — — 0.46 — — 30.3
Example 51 BaTiO3 BaCO3 — MnCO3 — — 0.51 — — 30.9
Example 52 BaTiO3 BaCO3 — MnCO3 — — 1.30 — — 32.7
Example 53 BaTiO3 BaCO3 — MnCO3 — — 3.37 — — 35.7
Example 54 BaTiO3 BaCO3 — MgCO3 Gd2(CO3)3 — 0.28 7.97 — 25.8
Example 55 BaTiO3 BaCO3 — MgCO3 Gd2(CO3)3 — 0.86 8.06 — 25.7
Example 56 BaTiO3 BaCO3 — MgCO3 Gd2(CO3)3 — 0.86 8.06 — 25.7
Example 57 BaTiO3 BaCO3 — MgCO3 Ho2(CO3)3 — 0.93 7.68 — 24.5
Example 58 BaTiO3 BaCO3 — MgCO3 Ho2(CO3)3 — 0.93 7.68 — 24.5
Example 59 BaTiO3 BaCO3 — MgCO3 MnCO3 Nd2(CO3)3 N.D. 1.17 799 273
Example 60 BaTiO3 BaCO3 — MgCO3 MnCO3 Ho2(CO3)3 0.75 1.08 759 273
Example 61 BaTiO3 BaCO3 — MgCO3 MnCO3 Nd2(CO3)3 N.D. 1.17 799 273
Example 62 BaTiO3 BaCO3 — MgCO3 MnCO3 Ho2(CO3)3 0.75 1.08 759 273
Example 63 BaTiO3 BaCO3 — Nd2(C0O3)3 — — 8.61 — — 79
Example 64 BaTiO3 BaCO3 — MgO Nd203 — N.D 6.43 — 23.3
Example 65 BaTiO3 BaCO3 — MgO MnO Nd203 N.D. 0.73 5.91 24.2
Example 66 BaTiO3 BaCO3 — MgO MnO Ho203 0.42 0.75 6.02 243
Example 67 BaTiO3 BaCO3 — MgO MnO Gd203 0.42 0.71 6.04 240
Comp. BaTiO3 BaCO3 — — — — — — — 31.1
Example 1
Comp. BaTiO3 BaCO3 — — — — — — — 31.1
Example 2
Comp. BaTiO3 BaCO3 — — — — — — — 31.1
Example 3
Comp. BaTiO3 BaCO3 — — — — — — — 8.1
Example 4
Comp. BaTiO3 BaCO3 — — — — — — — 3.0
Example 5
Comp. BaTiO3 BaCO3 — Nd2(C0O3)3 — — 8.27 — — 4.3
Example 6
Comp. BaTiO3 BaCO3 — Gd2(CO3)3 — — 8.73 — — 7.4
Example 7
Comp. BaTiO3 BaCO3 — La2(CO3)3 — — 6.04 — — 3.8
Example 8
Comp. BaTiO3 BaCO3 BaNd204 Nd203 — — 6.12 — — 30.5
Example 9
Comp. BaTiO3 BaCO3 Ho203 Ho203 — — 5.45 — — 29.2
Example 10
TABLE 3
Coated Barium Titanate after Firing
XRF Analysis
Example and Firing Coated Compound Content (mass %) SSA
Comp. Example Atmosphere Layer 1 Layer 2 Layer3 Layer 1 Layer2 Layer 3 m2/g
Example 1 Nitrogen MgO — — 0.53 — — 4.6
Example 2 Nitrogen MgO — — 0.73 — — 4.0
Example 3 Nitrogen MgO — — 0.64 — — 4.7
Example 4 Nitrogen Gd203  — — 1.52 — — 4.3
Example 5 Nitrogen Gd203  — — 4.03 — — 10.9
Example 6 Nitrogen Gd203  — — 5.06 — — 15.3
Example 7 Nitrogen Gd203  — — 6.51 — — 15.9
Example 8 Nitrogen Gd203  — — 6.01 — — 16.8
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TABLE 3-continued

Coated Barium Titanate after Firing

XRF Analysis

Example and Firing Coated Compound Content (mass %) SSA

Comp. Example Atmosphere Layer 1 Layer 2 Layer3 Layer 1 Layer2 Layer 3 m2/g

Example 9 Nitrogen Gd203  — — 8.19 — — 13.5
Example 10 Nitrogen Gd203  — — 11.84 — — 9.6
Example 11 5vol. % H, Gd203 — — 1.57 — — 5.2
Example 12 Svol. % H, Gd203 — — 3.82 — — 9.2
Example 13 5vol. % H, Gd203 — — 5.9 — — 10.6
Example 14 atmosphere  Gd203 — — 1.58 — — 6.5
Example 15 atmosphere  Gd203 — — 3.86 — — 9.2
Example 16 atmosphere  Gd203 — — 6.15 — — 11.6
Example 17 Nitrogen Ho203 — — 2.57 — — 3.6
Example 18 Nitrogen Ho203 — — 4.38 — — 4.5
Example 19 Nitrogen Ho203 — — 6.07 — — 6.0
Example 20 Nitrogen Ho203 — — 7.74 — — 6.6
Example 21 Nitrogen Ho203 — — 11.93 — — 7.9
Example 22 5vol. % H, Ho203 — — 5.98 — — 6.8
Example 23 atmosphere  Ho203 — — 6.08 — — 7.0
Example 24 Nitrogen Y203 — — 4.28 — — 6.0
Example 25 Nitrogen Y203 — — 8.03 — — 8.4
Example 26 Nitrogen Nd203 — — 4.18 — — 14.8
Example 27 Nitrogen Nd203 — — 6 — — 16.5
Example 28 Nitrogen Nd203 — — 8.37 — — 16.0
Example 29 Nitrogen Nd203 — — 11.7 — — 15.4
Example 30 Nitrogen Nd203 — — 5.84 — — 16.5
Example 31 5vol. % H, Nd203 — — 6.29 — — 15.8
Example 32 Nitrogen Dy203 — — 3.91 — — 5.2
Example 33 Nitrogen Dy203 — — 6.09 — — 6.4
Example 34 Nitrogen Dy203 — — 7.89 — — 6.3
Example 35 Nitrogen Dy203 — — 10.99 — — 7.7
Example 36 Nitrogen La203 — — 4.97 — — 15.5
Example 37 Nitrogen La203 — — 6.28 — — 16.6
Example 38 Nitrogen La203 — — 9.33 — — 14.3
Example 39 Nitrogen La203 — — 4.99 — — 17.8
Example 40 5vol. % H, La203 — — 4.79 — — 16.1
Example 41 Nitrogen CeO2 — — 7.53 — — 10.2
Example 42 Nitrogen Er203 — — 6.34 — — 53
Example 43 Nitrogen Eu203 — — 7.57 — — 15.2
Example 44 Nitrogen Sm203 — — 5.92 — — 16.0
Example 45 5vol. % H, Sm203 — — 5.87 — — 12.5
Example 46 Nitrogen Yb203 — — 8.42 — — 4.4
Example 47 Nitrogen BaO — — N.D. — — 4.4
Example 48 Nitrogen BaO — — 0.41 — — 3.8
Example 49 Nitrogen Ca0O — — 0.15 — — 4.6
Example 50 Nitrogen Ca0O — — 0.24 — — 4.6
Example 51 Nitrogen MnO — — 0.31 — — 4.7
Example 52 Nitrogen MnO — — 0.79 — — 5.0
Example 53 Nitrogen MnO — — 2.03 — — 3.4
Example 54 Nitrogen MgO Gd203  — 0.16 6.14 — 13.8
Example 55 Nitrogen MgO Gd203  — 0.41 6.09 — 9.0
Example 56 5vol. % H, MgO Gd203 — 0.41 5.96 — 9.6
Example 57 Nitrogen MgO Ho203 — 0.4 5.97 — 5.7
Example 58 5vol. % H, MgO Ho203 — 0.42 6.06 — 6.8
Example 59 Nitrogen MgO MnO Nd203 N.D. 0.73 6.22 6.3
Example 60 Nitrogen MgO MnO Ho203 0.31 0.74 6.06 4.5
Example 61 5vol. % H, MgO MnO Nd203 N.D. 0.73 6.02 9.4
Example 62 5vol. % H, MgO MnO Ho203 0.29 0.61 5.17 5.9
Example 63 Nitrogen Nd203 — — 6.41 — — 5.1
Example 64 5vol. % H, MgO Nd203 — N.D. 6.28 — 12.1
Example 65 5vol. % H, MgO MnO Nd203 N.D. 0.73 6.10  10.7
Example 66 5vol. % H, MgO MnO Ho203 0.30 0.71 5.86 6.2
Example 67 5vol. % H, MgO MnO Gd203 0.41 0.69 5.78 8.3
Comp. Example 1 Nitrogen — — — — — — 2.8
Comp. Example 2 5vol. % H, — — — — — — 2.7
Comp. Example 3 atmosphere — — — — — — 1.8
Comp. Example 4  Nitrogen — — — — — — 33
Comp. Example 5 Nitrogen — — — — — — 1.5
Comp. Example 6 ~ Nitrogen Nd203 — — 6.06 — — 1.8
Comp. Example 7 Nitrogen Gd203  — — 6.44 — — 1.8
Comp. Example 8  Nitrogen La203 — — 4.61 — — 2.7
Comp. Example 9  Nitrogen Nd203 — — 6.06 — — 8.2

Comp. Example 10 Nitrogen Ho203 — — 5.84 — — 4.6
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When Examples 1 to 60 and Comparative Example 1 are
compared, the specific surface area after firing under a
nitrogen atmosphere in Comparative Example 1 is 2.8 m*/g,
but the specific surface are after firing under a nitrogen
atmosphere in the method of the present invention, in which
the barium titanate particle of a particle size of 50 nm is
coated, is larger than 2.8 m*/g, clearly indicating that the
grain growth regulating effect is enhanced largely by the
coating layer of the present invention.

When Example 36 and Example 39 are compared, the
specific surface areas are respectively 15.5 m*/g and 17.8
m?/g for coating layers of carbonate and hydroxide, indi-
cating that a use of a hydroxide provided a grain growth
regulating effect similar to that of a carbonate.

When the TEM image (FIG. 3) of Example 3, a TEM
image (FIG. 4) of Example 8 and the TEM image (FIG. 7)
of Comparative Example 1 were compared, a grain growth
regulating effect was confirmed for particles coated by the
method of the present invention from the TEM image after
firing.

When Example 19 and Comparative Example 10, or
Example 27 and Comparative Example 9 were compared,
the specific surface area after firing under a nitrogen atmo-
sphere was largely enhanced by coating the particles using
the method of the present invention compared to coating by
the conventional wet-type mixing, clearly indicating a high
grain growth regulating effect.

The TEM image (FIG. 9) before firing in Comparative
Example 9 revealed that the coating layer is uniformly
formed by the conventional coating process using a wet-type
synthesis, but the grain growth regulating effect was low.

When Example 63 and Comparative Example 4 are
compared, the barium titanate particles of a particle size of
100 nm coated by the present method largely improved the
specific surface area after firing under nitrogen atmosphere
from 3.3 m*g to 5.1 m*/g compared to particles whose
surface were not coated, clearly indicating the grain growth
regulating effect by the coating layer of the present inven-
tion.

When Examples 11 to 67 and Comparative Example 2 are
compared, the specific surface area after firing in a 5 vol. %
hydrogen atmosphere in Comparative Example 2 is 2.7
m?/g, whereas the specific surface area after firing under a
5 vol. % hydrogen atmosphere is larger than 2.7 m*/g when
the barium titanate particles of a particle size of 50 nm are
coated by the method of the present invention, clearly
indicating that the grain growth regulating effect is largely
enhanced by the coating layer of the present invention.

When Examples 61, 62, 65 and 66 are compared, the
specific surface areas are respectively 9.4 m*/g, 10.7 m*/g,
5.9 m*g, 6.2 m*g, and a similar grain growth regulating
effect was seen for a coating layer of carbonate as well as
oxide.

From the TEM image (FIG. 5) of Example 31 and the
TEM image (FIG. 6) of Example 40, it can be seen that the
grain growth after firing is regulated.

When Examples 14 to 23 and Comparative Example 3 are
compared, the specific surface area after firing under the
atmosphere in Comparative Example 3 is 1.8 m*/g, whereas
the specific surface area after firing under the atmosphere is
larger than 1.8 m?/g when the barium titanate particles of a
particle size of 50 nm are coated by the method of the
present invention, clearly indicating that the grain growth
regulating effect is largely enhanced by the coating layer of
the present invention.

From Comparative Example 5 and Comparative
Examples 6 to 8, it can be seen that the grain growth

10

15

20

25

30

35

40

45

50

55

60

65

20

regulating effect for particles coated with the method of the
present invention does not differ largely from those that are
not coated when barium titanate of a marketed product is
used.

From the TEM image (FIG. 8) before firing of Compara-
tive Example 6, it can be seen that when barium titanate of
a marketed product is coated with the method of the present
invention, the coating layer is not uniformly formed.

From the results of Examples 1 to 67, a grain growth
regulating effect in firing under respective atmospheres was
observed in the coated barium titanate particles of the
present invention compared to the barium titanate particles
of Comparative Examples 1 to 5 without coating.

From the comparison of Examples 4, 5, 8, 11 to 16, a high
regulating effect was seen in the order of nitrogen atmo-
sphere, a 5 vol. % hydrogen atmosphere (the remainder is
nitrogen), and the atmosphere, under the effect of the firing
atmosphere. In addition, the regulating effect was at the
same level when the metal compound was hydroxide, car-
bonate or oxide.

Coating was performed similarly in Comparative
Examples 6 to 8 using barium titanate particles of 500 nm of
a marketed product, but the particle surface could not be
uniformly coated, and particulates of rare earth compounds
were generated. Hence, the grain growth regulating effect
was lower than the coated barium titanate particles of the
present invention.

In Comparative Examples 9, 10, the rare earth oxide
powder was dispersed uniformly in barium titanate particles
by wet-type mixing similarly to the conventional MLCC
production process, but the particle surface could not be
coated uniformly compared to the coated barium titanate
particles of the present invention, and the grain growth
regulating effect was low.

<Evaluation Method>
(1) X-Ray Diffraction (XRD)

The X-ray diffraction device of Bruker AXS (D8
ADVANCE/V) was used for measurement to perform a
qualitative analysis, or a quantitative analysis by the Riet-
veld Analysis (tetragonal BaTiO,, cubic BaTiO,, BaCO,,
etc.), and to obtain a lattice constant (c/a ratio of tetragonal
barium titanate) and a crystallite size.

(2) Barium/Titanium Ratio

The fluorescent X-ray analysis device of Bruker AXS (S8
Tiger) was used for measurement. The Ba/Ti ratio was
obtained according to the Glass-Beads method under the
standard of Electronic Materials Manufacturers Association
of Japan, EMAS-4202.

(3) Specific Surface Area (SSA)

Full-automatic BET specific surface area measurement
device by Mountech Co., Itd. (Macsorb HM Model-1210)
was used for measurement.

(4) Measurement of Mean Particle Size, Evaluation of
Particle Shape and Uniformity

A transmission electron microscope (TEM) by Hitachi
High-Technologies Corporation was used to measure more
than 200 particles, and the average was obtained. The
particle shape was evaluated by observation of the TEM
image, and uniformity was evaluated by relative standard
deviation of the measured value of the mean particle size.
(5) Particle Size Distribution

Particles (5 to 10 mg) were added to 30 ml of a 0.2 mass
% sodium hexametaphosphate solution and dispersed using
an ultrasonic homogenizer (600 W, 30 seconds). The dis-
persion was measured using a dynamic light scattering
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particle size distribution measurement device by HORIBA,
Ltd. (LB-550), and the median size and the coefficient of
variation were obtained.

(6) Fluorescent X-Ray Analysis (XRF)

The X-ray diffraction device of Bruker AXS (S8 Tiger)
was used for element analysis. Hydrogen, carbon, oxygen in
the compound were obtained by theoretical calculation from
the metal content. Further, the Ba coating was obtained from
the difference with the barium titanate particles without
coating. The coated barium titanate was obtained by metal
compound types, and by metal oxides after firing.

(7) Thermogravimetric Analysis

Differential thermogravimetric analyzer (TG-DTA) by
Rigaku Corporation (TG-8210) was used to measure the
temperature range from room temperature to 1200° C. When
the metal compound is amorphous, the metal compound
type was confirmed from the difference with the reduction in
the thermogravity amount and the fluorescent X-ray analysis
value of before and after firing of barium titanate particles
without coating.

The invention claimed is:

1. A method for producing a coated barium titanate
particle comprising a coating layer comprising a carbonate
of at least one type of metal selected from a group consisting
of Mg, Ca, Ba, Mn and rare earth elements on a surface of
a barium titanate particle, wherein the barium titanate par-
ticle without the coating has a mean particle size of 10 nm
or higher and lower than 1000 nm, a Ba/Ti ratio of 0.80 or
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higher and 1.20 or lower, and a c¢/a ratio, which is a rate of
a c-axis and an a-axis, of 1.001 or higher and 1.010 or lower
comprising the steps of:

(1) mixing an aqueous solution containing barium
hydroxide and an aqueous solution containing titanium
hydroxide at a Ba/Ti ratio of barium and titanium of
0.80 or higher and 1.20 or lower, and subjecting a
resulting mixture to a hydrothermal reaction at a tem-
perature of 200° C. or higher and 450° C. or lower, a
pressure of 10 MPa or higher and 40 MPa or lower, and
a reaction time of 0.1 minute or longer and 1 hour or
shorter to obtain barium titanate particles;

(2) homogenously dispersing the barium titanate particle
obtained in (1) in an aqueous solution; and

(3) adding a metal compound solution and alkali to a
dispersion solution of barium titanate particles obtained
in (2) to deposit a carbonate of metal on surfaces of the
barium titanate particles.

2. A method for producing the coated barium titanate
particle according to claim 1, wherein the rare earth ele-
ments are at least one element selected from a group
consisting of Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, and Lu.

3. A method for producing the coated barium titanate
particle according to claim 1, wherein an amount of the
coating layer on a basis of a total mass of the coated barium
titanate particle and the coating layer is 0.01 mass % or
higher and 20.0 mass % or lower.
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